The honeybee forms a long-term memory in different training situations that lasts for a lifetime, but the cellular mechanisms of long-term memory formation are not known. We analyzed the dependency of long-term memory on the de nova brain protein synthesis. The protein synthesis inhibitor cycloheximide was injected via the median ocellus directly into the brain. 3H-leucine incorporation into brain proteins was inhibited by >95% for >3 hr. The time of protein synthesis inhibition was prolonged by a second injection of the same dose. Worker honeybees were conditioned to an olfactory stimulus at different times before and after injection. The proboscis extension response (PER) of bees restrained in tubes was classically conditioned with sugar water applied first to the antennae followed by feeding (unconditioned stimulus) paired with odor presentation (conditioned stimulus). The bees were tested by presenting the odor alone at different times up to 24 hr after injection. No significant reduction in the probability of the conditioned response in cycloheximide-treated bees was found when compared to the Ringer-injected controls in 4 series of experiments. Since protein synthesis was inhibited between 7 hr pre-and 7 hr postconditioning without affecting the formation of long-term memory, a possible role of de nova protein synthesis in the formation of long-term memory after olfactory conditioning of the PER is not supported by these experiments.
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In recent decades it has been shown in a number of studies using different species that inhibition of brain protein synthesis leads to a reduction in formation of long-term memory (LTM) (Flexner et al., 1965 (Flexner et al., , 1967 Agranoff et al., 1966; Barondes and Cohen, 1967; Hyden and Lange, 1970; Squire and Davis, 1975; Davis et al., 1976) . In vertebrates, different inhibitors of protein synthesis such as puromycin, cycloheximide, or anisomycin distort the formation of a long-lasting memory if they are applied shortly before or after training (Squire and Barondes, 1974; Flood et al., 1975a,b; Gibbs and Ng, 1977; Eisenstein et al., 1983) .
The notion that the formation of LTM depends on protein synthesis was also supported by recent studies of invertebrate learning and memory. These experiments strongly suggest the relationship of LTM to protein synthesis on the basis of cellular and molecular studies. Montarolo et al. (1986) showed that in Aplysia, long-term (but not short-term) facilitation induced by the application of 5-HT requires protein synthesis, and Eskin et al. (1989) found that the incorporation of labeled amino acids into proteins was changed in pleural sensory neurons of Aplysia after treatments of 5-HT. Alkon et al. (1987) demonstrated in Hermissenda that the Caz+-mediated reduction of K+ currents, which is, on the behavioral level, an essential component of the conditioned response, can be prevented by protein synthesis inhibitors. Crow and Forrester (1990) showed that long-term enhancement of light-evoked generator potentials in B photoreceptors produced by one-trial conditioning was blocked by protein synthesis inhibition. Recently, another kind of longterm plasticity, long-term adaptation at the crayfish neuromuscular junction, was found to depend on protein synthesis (Nguyen and Atwood, 1990) .
There are, however, different hypotheses regarding the functional role of protein synthesis. In Aplysia, for example, it is evident that protein synthesis during long-term facilitation is necessary for a persistent change of the regulatory subunits of the CAMP-dependent protein kinase (Bergold et al., 1990) . Other studies emphasize that training is responsible for structural changes of synapses that depend on protein synthesis (F&ova and van Harreveld, 1978; Filkova et al., 1982; Chen, 1983, 1988; . In the honeybee, such learning-dependent structural changes also may have been observed. Brandon and Coss (1982) reported that the shapes of spines of mushroom body intrinsic neurons were changed after the first orientation flight of young honeybees. Since proper controls are missing, it is not yet clear whether the formation of a stable LTM requires de nova protein synthesis in honeybees.
During the last few years, detailed information about the temporal dynamics underlying the formation of a stable LTM for food-rewarded odorants has been acquired (Menzel, 1990) . Freeflying honeybees quickly learn (within one or a few trials) to return to a food mark and can remember it for a lifetime (von Frisch, 1922; Lindauer, 1963; Menzel, 1968) . Also, under restrained conditions [the proboscis extension response (PER) conditioning], appetitive odor learning takes place quickly and leads to a stable associative memory that lasts for as long as the bees survive in the tube (Kuwabara, 1957; Vareschi, 197 1; Menzel et al., 1974; Menzel, 1990) . Amnestic treatments have shown that the consolidation of LTM is located predominantly in the paired mushroom bodies of the protocerebrum (Menzel et al., 1974; Masuhr, 1976; Erber et al., 1980) . Since PER conditioning leads to an olfactory LTM passing through stages of short-term and intermediate-term memory, we hypothesize that protein synthesis in the brain is necessary for LTM formation. Therefore, protein synthesis was blocked by a protein synthesis inhibitor at different times before and after conditioning. The blocking agent was injected directly into the brain to achieve the most effective inhibition of protein synthesis and to avoid possible side effects of the blocker. The conditioning procedure allowed controlled variations of the temporal succession of conditioning, blocking period, and test time. The injection of the inhibitor directly into the brain keeps the viability of the test animals high, since they survive equally long as the control animals and show no signs of discomfort. The memory tests were performed up to 24 hr after conditioning because earlier studies indicated that LTM determines memory performance at time intervals longer than several hours (Menzel, 1990) . The results indicate that LTM formation is not reduced although protein synthesis is blocked at a level of >95%. The procedure applied in this study follows exactly the techniques that in the past led to positive results in other animals. In an independent study (T. Tobin and B. Smith, personal communication), similar questions were investigated using a different experimental arrangement, and the same conclusion was reached.
Materials and Methods Protein synthesis
Animals. Foraging worker bees (Apis mellifera) were used for all analyses. The animals were caught at the hive entrance on their way out for foraging.
Materials. Cycloheximide (Sigma Chemical Co., Munich, Germany) was dissolved in Tris buffer ("bee Ringer": 80 mM Tris. 135 mM NaCl. 5 mM KCI, 10 nM MgCl,, 16 nM Call,) at pH 7.25. L-4,5-3H-leucine (Amersham-Buchler, Braunschweig, Germany; specific activity, 5.22 TBa/mmol) was diluted in bee Ringer to a final concentration of radioactivity of 111 MBq/ml.
Determination of tracer incorporation into brain proteins. The level of protein synthesis in the brain of worker bees was measured by the incorporation of 'H-leucine into trichloroacetic acid (TCA)-precipitable polypeptides. In initial experiments, this tracer proved to be superior to YS-methionine and a mixture of 15 tritiated amino acids for measuring brain protein synthesis. We chose the former since it resulted in higher and more constant incorporation rates than the latter. The level of protein synthesis inhibition after cycloheximide treatment (see below), however, proved to be the same (>95%) irrespective of the labeled amino acids tested. The bees received 300 nl injections of 3H-leucine directly into the brain via the median ocellar tract as described below for cycloheximide injections. Water-soluble substances injected by this method spread rapidly (within a few minutes) across the entire brain as shown both by dye injections and by the resultant effects of injected transmitters or modulators on the behavior of the animal (Menzel et al., 1988 Michelsen, 1988) . After defined periods oftracer incorporation, the bees were immobilized with N,. First, hemolymph samples of 2 ~1 were taken from an abdominal incision in the third tergite. Second, the brains were freed of adhering tracheae and surrounding exocrine glands and, after several washes with bee Ringer, were dissected from the head capsules. The hemolymph was used to determine the amount of free labeled leucine, which equilibrated between brain and hemolymph within 3-5 min, remained nearly stable for about 90 min, and decreased only slightly. Treated and untreated bees did not differ in this respect. The brains were immediately placed into a 1 ml tissue grinder containing 40 r.d of ice-cold phosphate-buffered saline (PBS; 0.04 M, pH 6.7). Each brain was manually homogenized and was transferred to a centrifuge tube. The homogenizer was rinsed twice with 40 ~1 of PBS. The tubes were spun at 10,000 x g for 10 min. The pellet was discarded and the supernatant containing, among others, the water-soluble brain proteins was stored at -30°C pending further analyses.
Later, each supematant was divided into two aliquots. For determination of protein synthesis, one aliquot was applied to a 15 x 15 mm cellulose filter paper (Macherey & Nagel, MN 2 14) and air dried. Proteins were precipitated on the filter paper with ice-cold TCA (lo%, w/v). After several washes (see Kaatz et al., 1985 , for details), the precipitated proteins were dissolved with a quaternary ammonium hydroxide base and bound label was quantified by liquid scintillation counting (LX). Tracer incorporation was expressed as dpm/brain and adjusted for background, unspecific binding of )H-leucine to the filter paper, and for decays.
Counting efficiency was determined by the analysis of the spectral quench parameters of the isotope. The success of each tracer injection was controlled by measuring via LSC the total amount of label present in the other aliquot of the brain homogenate and in the 2 ~1 hemolymph samples of each bee as well. Additionally, the total tracer content in the brain was used. 3H-leucine binds to the filter paper by about 0.3%, dependent on its radioactive concentration (correlation coefficient r = 0.994). This non-protein-bound activity of the tracer was subtracted from the activity measured with the former aliquot, resulting in the specifically protein-bound labeled leucine.
The level of protein synthesis inhibition in the brain was measured by injectingcycloheximide, an antibiotic that blocks translation of RNA. The concentrations chosen were determined by dose-response analysis beginning with the highest concentration of cycloheximide (5 x IO-* M) soluble in bee Ringer, and continuing with the next four lower orders of magnitude. The former concentration corresponds to 4.2 rg cycloheximide per injection volume of 300 nl and amounts to a dosage of 42 mg cycloheximide/kg body weight, since a bee weighs about 100 mg. After the injection ofdifferent dosages ofcycloheximide and subsequent injections of tracer, a 45 min period of tracer incorporation followed. The latter period resulted from experiments on the kinetics of tracer incorporation ( Fig. 1) and was chosen for all experiments on cycloheximide effects. Linear )H-leucine incorporation occurred within less than 5 min without an apparent lag phase, indicating an immediate tracer transfer into the brain cells, and lasted for at least 90 min in vivo. The percentage of inhibition of )H-leucine incorporation by cycloheximide was calculated by comparing incorporation in drug-treated brains with that in bee Ringer-treated brains. Cycloheximide seemed to spread rapidly across the whole brain, since we initially found that protein synthesis inhibition, as well, is strongly inhibited in the optic lobes (92.6%, n = 6), which are farthest from the injection site.
Behavioral studies Preparation of animals. In the late afternoon of the day before the experiment, bees, departing for a foraging trip, were caught at the hive entrance. They were immobilized for a short time on ice cubes and mounted in metal tubes by a strip of tape between head and thorax. This fixation allowed free movement of the mouthparts and antennae.
The bees were fed to satiation with sucrose solution (1 M) and kept overnight in a dark box in a humid and cool climate. They were removed from the box 1 hr before the experiment started. Halfan hour later each animal was fed with a small drop of sucrose solution to ascertain that each experimental animal showed the proboscis extension reflex to sucrose, and to check that the proboscis was not squeezed between the body and the tube wall.
Injection. The injections of cycloheximide and bee Ringer via the bees' ocelli were performed with a specially developed glass capillary syringe, which enabled accurate injections in the nanoliter range (Michelsen and Menzel, 1984) .
Conditioning and tests. Each bee was subjected to a classical conditioning procedure. Thereby, sucrose solution serves as the unconditioned stimulus (US), which by contacting the antennae elicits extension of the proboscis [unconditioned response (UR)]. An odor stimulus (carnation) serves as the conditioned stimulus (CS). The onset of odor stimulation precedes the onset of the US by 3 set and fully overlaps with the US. Compared to the classical conditioning procedure usually applied (Kuwabara, 1957; Vareschi, 197 1; Menzel et al., 1974; Bitterman et al., 1983) , the simultaneous presentation of CS and US was extended to 5 set, during which the bee was allowed to imbibe the sucrose solution. It was necessary to extend the time allowed for feeding OE g,p 8
6G .E v, A' I incubation period Iminl Figure 1 . Kinetics of tracer incorporation into brain proteins of foratine bees. After direct 3H-leucine iniection into the brain and different incubation periods, tracer incorporaiion into water-soluble brain proteins was measured after TCA precipitation. The data points give the means + SE for n = 6-14.
during a conditioning trial to reduce the number of additional feedings outside the conditioning procedure. Only one additional feeding was necessary during the experiment to minimize mortality due to starvation. Even with 2 conditioning trials, extended licking time was not sufficient to satiate the animals, which might reduce the CR as a result of decreased motivation (Menzel, 1990) . Menzel and Erber (1972) have shown that the duration of feeding during the first few trials of conditioning has no effect on acquisition. During the tests, the odor stimulus (CS) was presented alone, which, in case of successful conditioning, elicited proboscis extension. Each bee was tested at different times after 2 conditioning trials. Repetitive testing at intervals in the range of hours does not cause any significant extinction. Therefore, the test procedure applied here offers the advantage of collecting a large number of test responses at various intervals over a 24 hr range.
Data analysis. The learning rate was defined as the ratio between the number of animals that showed proboscis extension to the test odor stimulus and the overall number of animals tested at this time. In all tests, we counted only those animals that survived the whole test period of 24 hr. Since the few bees (< 10%) that responded to the CS prior to the conditioning trials were excluded from the conditioning procedure, the response rate is equivalent to the learning rate. The learning rate always exceeds 50%; therefore, no statistical evaluation was necessary to test for the learning effect. Learning under these conditions is purely associative (Bitterman et al.. 1983 . The associative effects are so compelling and weil established ihat additional control groups (e.g., forward pairing) were not necessary.
The x2 test was used to examine the data for statistically significant differences between the experimental group and the Ringer-injected group.
Toxicity of cycloheximide. Cycloheximide is a highly toxic substance in many animals (Bennett et al., 1972) , though minimal mortality from drug application has also been observed (Barraco et al., 198 1) . However, cycloheximide directly injected into the brain of the honeybee did not create apparent lethal or toxic effects. Several hundred animals were observed in paired groups (cycloheximide or Ringer injected) over periods of ~24 hr and no difference (x2 test) was found with respect to mortality, response to sucrose solution, and other behavioral responses (sucking and licking, antenna1 response, olfactory conditioning). It is thus concluded that the viability of the test animals is not affected by a cycloheximide injection. were considered unsuitable for ongoing experiments, since the resulting inhibition was below 80%. Next, the duration of the inhibitory effect of 4.2 pg cycloheximide on protein synthesis was determined. With this dosage, the maximal level of inhibition is maintained for about 4 hr post cycloheximide injection (Table 2 ). Five hours after cycloheximide injection, inhibition continues at 90%. Based on these results, experiments were designed that guaranteed maximal inhibition during the period of learning, of memory consolidation, and of memory tests.
Results

Protein synthesis
Behavioral experiments Single cycloheximide injection after conditioning. First we tested whether the formation of LTM could be impaired by application of cycloheximide at a definite period after undisturbed learning. The injection times of the 6 experimental arrangements were set to cover a period between 45 min and 3 hr after conditioning.
Only those animals that, after conditioning, responded with proboscis extension to the CS alone (i.e., >80%) were selected for injection. This means that the learning rate (CR) in both groups was 100% before injection. In the first test after injection, the learning rates (CR) of both the cycloheximide-treated and Ringer-injected bees are relatively high (only one group less than 80%), which demonstrates that the injection itself does not have a significant distorting effect on the recall of the conditioned odor response (Fig. 2) . For the 24 hr test response, a decreased CR is observed. Since this is true for both test groups, this effect cannot be referred to the protein synthesis inhibitor. At any test time, in all experimental groups, no significant differences between the 2 groups could be observed (x2 test). Therefore, cycloheximide does not have a distorting effect on the recall of the conditioned odor response. It should be mentioned here again that the survival rate of animals was not reduced after injection of cycloheximide (see Materials and Methods).
Single cycloheximide injection before conditioning. To test whether the treatment with the protein synthesis inhibitor before conditioning would influence the CR, cycloheximide was injected before training. In 5 experimental groups, the time between injection and the first of 2 conditioning trials was varied between 3 hr and 50 min. Each animal was tested six or seven times up to 24 hr after conditioning. For each test, the CR of the cycloheximide-injected bees was compared to both the Ringer-injected and the noninjected control groups (Fig. 3) . There are no significant differences between the CR of cycloheximide-injected bees and the Ringer control animals. Only in one case (injection 2 hr 10 min before first trial, tested 6 hr later) was the CR of cycloheximide-treated bees significantly higher than that of the Ringer controls. However, this observed difference contradicts the hypothesis that the protein synthesis inhibitor leads to a decreased rather than an increased CR level. The period between injection (Znj.) and two conditioning trials (I.CT, 2.C7J differed between 50 min and 3 hr in five experiments. Each bee was tested at different times. The time of conditioning is given with respect to time of injection. *, p < 0.05, x2 test.
Thus, with one exception, the CR of the noninjected control group is not different from the CR of the injected groups. These results demonstrate that the injection itself has no negative effect, either on conditioning or on memory formation. Obviously, for the experimental group with the longest time interval between injection and training, the decrease of the CR with time after conditioning is much less pronounced than for the noninjected group. The learning rates of both injected groups are relatively high for the first test (60-80%), regardless of the time of injection. The decrease of the CR at the longest interval (24 hr) is a common phenomenon known from other learning studies in bees (Menzel, 1990) . It can be summarized for this experimental series that the treatment with cycloheximide during a period of 3 hr to 50 min before training does not have an inhibitory influence on the CR. Double injection of cycloheximide before conditioning. The argument that a high protein synthesis inhibition did not endure long enough before training should be examined by these experiments. A second injection of the protein synthesis inhibitor should extend the effective inhibition period of the first injection. Four experimental groups were injected twice with an interval of 3-4 hr between the injections. The time elapsing between injection and training was varied for the four groups, maximally 7 hr between first injection and conditioning. After the two learning trials, the bees were tested twice, the first taking place 1 hr after conditioning and the second 24 hr after the first injection. The results are illustrated in Figure 4 . Both groups, the cycloheximide-injected and saline control animals, show an overall lower CR (in the first tests maximal 60%) than in the experimental series with only 1 injection. Thus, this must be (0) at different times after (the first) injection (Zj.). The period between the first injections was 3 or 4 hr. The period between the first injection and conditioning (Z.CT, 2.C7) differed between 4 hr and 7 hr in four experiments. The time of the second injection and conditioning is given with respect to time of the first injection. Each bee was tested at different times.
interpreted as an effect of the injection itself. At no time are there significant differences between the two groups. Therefore, even two subsequent injections of cycloheximide that extend the period of inhibition before conditioning do not affect the CR.
Conditioning between two injections. This experiment was designed to test whether conditioning under the influence of the inhibitor with a subsequent extended period of protein synthesis inhibition in the brain would have an effect on LTM formation. In this experimental series, all animals were treated according to the same schedule: the injections of cycloheximide were performed 1 hr before and 3 hr after conditioning. The bees were tested at 8 hr and 24 hr after training. Figure 5 shows that there is no significant difference (x2 test) between the cycloheximideinjected and Ringer-injected animals, demonstrating that cycloheximide has no inhibitory effect on the CR. The reduction of the CR over long periods of time (24 hr) is small and similar in both groups and in the range expected from all the other experiments (compare with Figs. 2-4 ).
Discussion
Since von Frisch's (19 14, 1922) experiments, it is known that bees quickly learn colors and odors as food signals, and that they develop a stable and long-lasting memory (see Menzel, 1987 Menzel, , 1990 , for review). Appetitive odor conditioning of the PER (proboscis extension response) is a very convenient situation for studying associative memory because odor learning is an associative phenomenon (Bitterman et al., 1983) and the memory lasts for as long as the bee survives in the metal tube to which it is fixed (Menzel, 1990) . The striking advantages of this forward conditioning procedure are the short duration of a single CS/US pairing (a few seconds), the possibility of short intertrial intervals during multiple conditioning, the fast ac- Figure 5 . Conditioning between 2 injections of cycloheximide: CR of cycloheximide-injected bees (U) and Ringer controls (Cl) at two times after (the first) injection (Ini.). The second injection was performed 4 hr after the first injection; the conditioning (Z.CT, 2.CZ), 1 hr after the first injection. Each bee was tested at different times.
quisition, and the high resistance to extinction during repetitive CS exposures without US presentation (Bitterman et al., 1983) .
Amnestic treatments (local cooling of specific regions of the brain, electroconvulsive shocks) revealed that the formation of memory following a single conditioning trial is susceptible to such interference only during the first 7 min after conditioning, but not later (Menzel et al., 1974; Masuhr, 1976; Erber et al., 1980; Menzel and Sugawa, 1986) . With multiple conditioning trials, there is no such early sensitive phase (Erber, 1976) , and the memory lasts for the lifetime of the animal (Menzel, 1968) . Therefore, one can infer that, as a basis for the experiments reported here, the consolidation of an early sensitive memory phase is transferred into a stable, unsusceptible, and long-lasting memory phase within a few minutes of conditioning (for review, see Menzel, 1990) . For the honeybee, this amnesia-resistant memory is defined as LTM.
The results of the 4 experimental series reported here demonstrate that, with respect to the period analyzed, neither acquisition nor memory is distorted under the influence of the protein synthesis inhibitor cycloheximide. A result of this kind faces the general problem of any negative result in science, namely, that it carries less persuasive power with it than a positive result. Minor components of the experimental design may have a greater impact on the result. It is therefore of utmost importance to examine critically the experimental design and the control experiments. There is also always the possibility that the small amount of residual protein synthesis (less than about 5%) may be responsible for the formation of LTM. It should be recognized, however, that the same procedure applied in other studies led to positive results; that is, it resulted in inhibitory effects on the trained behaviors. It is therefore tempting to conclude that the formation of LTM after olfactory PER conditioning does not depend on brain protein synthesis. Several arguments have to be addressed to confirm this hypothesis.
Intensity and duration of protein synthesis inhibition As was shown in the first section of the Results (Protein synthesis), a single injection of cycloheximide into the brain leads to more than 90% inhibition over a period of at least 4 hr. With two injections, separated by 3 or 4 hr, the period of maximal inhibition was probably extended to at least 7 hr. Therefore, it is unlikely that the missing amnestic effect on behavior was due to insufficient intensity and duration of protein synthesis inhibition, though we cannot exclude by our experiments that a minimal rate of protein synthesis left after cycloheximide treatment is sufficient to retain olfactory LTM formation. However, the results of an independent study that addressed the same questions raised in our work support our conclusion (T. Tobin, personal communication): fluorograms of labeled brain proteins separated by SDS-PAGE did not show that the synthesis ofevery polypeptide was strongly reduced by cycloheximide treatment to the same extent, which indicates that the synthesis of all proteins was strongly reduced in the presence of cycloheximide.
From other studies it is not yet clear which factor, intensity or duration, is the more decisive component of blocking. With studies on mice, Flood et al. (1973) found that the number of amnestic animals increased with the increasing duration of inhibition. In contrast, Quinton and Kramarcy (1977) stated that the percentage of amnestic animals solely depended on the degree of inhibition at the time of training.
Time of injection
Another important factor is the time of cycloheximide injection with respect to the time of training. In studies with mice, an amnestic effect was observed after application of the inhibitor 30 min before conditioning (Randt et al., 197 1) . However, Quartermain and McEwen (1970) observed an amnestic effect when mice were injected 6 hr after conditioning, and the amnestic behavior showed a clear dependence on the time of injection.
Studies on invertebrates do not imply that there is a common time window during which the inhibitor has to be applied. An inhibitory effect on long-term adaptation in crayfish was achieved with injections up to 6 hr before training (Nguyen and Atwood, 1990) . Long-term sensitization in Aplysia was successfully blocked when the inhibitor was applied 1 hr before presentation of the sensitizing stimuli (Montarolo et al., 1986) .
These studies do not allow the prediction of the optimal time of cycloheximide activity in the honeybee. For this reason, the time of injection was varied with respect to the conditioning, covering a period of 3 hr before and 3 hr after conditioning. In addition, this long period of inhibition ensured that, even with a limited knowledge of the exact beginning of LTM formation, a very brief period requiring protein synthesis would have been detected. Therefore, it can be excluded that the protein synthesis inhibitor was not applied at the right time.
Time of testing In all experimental series, several repeated tests were performed. One might argue that repeated testing weakens the memory trace. However, it is known from different studies using the olfactory PER conditioning that extinction is a very slow and ineffective process (Bitterman et al., 1983; Menzel, 1987 Menzel, , 1990 . This is confirmed by the results reported here. The time of testing after conditioning was chosen to detect possible early defects by testing shortly after conditioning, and to detect longlasting memory defects by testing 24 hr after conditioning. At least with the 24 hr test after repeated conditioning trials, one can be sure to obtain a measurement of LTM (for review, see Menzel, 1990 ).
Associative strength of training Regarding the strength of training, there are again different statements. Flood et al. (1975b) found that with a smaller number of learning trials the amnestic effect became more pronounced in mice. On the other hand, Squire and Barondes (1973) showed that even with maximal associative strength (15-20 learning trials) the conditioned behavior could be blocked by cycloheximide.
For honeybees, it is known that a single PER-conditioning trial leads to a high learning rate and that three conditioning trials lead to maximal associative strength and a stable longlasting memory. To avoid possible decrements of the CR due to the injection, two conditioning trials were used throughout the experiments described here. Therefore, it is unlikely that the associative strength achieved by the two learning trials was not appropriate to establish a long-lasting and stable memory. Indeed, the tests after 24 hr prove that the memory is only slightly weaker than at shorter time intervals after training.
Kind of training
The kind of applied conditioning procedure seems to be a decisive factor for LTM formation. In studies on mice, Bennett et al. (1972) used different forms of conditioning and obtained, under the same inhibitory conditions, different amnestic effects. This training dependency was supported by Staubli et al. (1985) . A training-dependent amnesia could mean that there are different forms of LTM, but not every form would require protein synthesis. Furthermore, it could be possible that the amnestic effects reported so far are due to other disturbing effects of cycloheximide rather than to inhibition of cerebral protein synthesis. For cycloheximide, a number of side effects and a high toxicity are well known (Segal et al., 1971; Flexner et al., 1973; Flood et al., 1973; Randt et al., 1973; Quartermain and Botwinick, 1975 ).
For the experiments described here, toxic effects and side effects of cycloheximide can be excluded. After injection, no influence on the behavior of both free-flying foragers (S. Wittstock, unpublished observation) and restrained bees could be observed. The mortality was not different for cycloheximideinjected animals and Ringer-injected control animals.
Further behavioral experiments applying learning paradigms of a different kind and complexity are necessary to address the question of whether the kind of training is a decisive factor for the amnestic effect after cycloheximide treatment.
Conclusion
Discussion of the various arguments leads to the conclusion that the formation of LTM after PER conditioning in the honeybee is independent of de novo protein synthesis.
Despite the common notion that the formation of LTM requires protein synthesis, some ideas about LTM formation without protein synthesis have already been formulated. Crick (1984) for example, argues that it would be possible to prevent degradation of a specialized synaptic macromolecule, which might be necessary for the maintenance of LTM, by a different timedependent turnover of the monomers of which it is composed. Kennedy (1988) suggests that one or more protein kinases could be responsible not only for the induction of long-term potentiation in the hippocampus but also for its maintenance, for example, by long-term activation of a specific protein kinase through phosphorylation or autophosphorylation. Lisman (1989) postulates a self-amplifying system for information storage via a so-called Hebb and anti-Hebb mechanism, using calmodulin kinase as an example. Mtiller and Spatz (1989) point out that in Drosophila, a brief increase of the cellular CAMP level can induce long-lasting protein kinase activity. These models do not argue against a dependence of LTM on protein synthesis (Frost et al., 1985; Goelet et al., 1986; Greenberg et al., 1987) , but offer alternative possibilities.
The results presented here argue strongly for mechanisms other than de novo protein synthesis as a mechanism of LTM, and may thus help contribute insight into the cellular and mo-lecular pathways underlying the formation of long-lasting memory.
